Introduction
Eukaryotic cells contain up to three genomes: the nuclear DNA (nDNA; see Glossary), and the genomes of mitochondria and plastids. The latter organelles are descended from prokaryotic endosymbionts. Interorganellar DNA transfer redistributes genetic material between these organelles and, of the six possible types of DNA transfer, four have been observed (Box 1). Promiscuous DNA sequences originating from nucleus-to-mitochondrion and plastid-to-mitochondrion transfer have been identified, but only plastid-derived mitochondrial tRNA genes are functional. However, the transfer of DNA from mitochondrion or plastid to the nucleus has contributed significantly to the evolution and function of eukaryotic genomes. DNA transfer to the nucleus is ubiquitous and ongoing, and during the early phase of organelle evolution it resulted in a massive relocation of organellar genes [1, 2] . In many eukaryotes, including animals, the transfer of functional genes is now rare or has ceased altogether [3] , but transfer of certain mitochondrial and plastid genes has occurred frequently in flowering plants in evolutionarily recent times [4, 5] .
Almost all present-day nuclear transfers of mitochondrial (mtDNA) and plastid (ptDNA) DNA -collectively referred to here as organelle DNA (orgDNA) -give rise to noncoding sequences, the so-called NUMTs (nuclear mtDNA) and NUPTs (nuclear ptDNA) -here collectively termed nuclear organelle DNA (norgDNA). The systematic, genome-wide analysis of norgDNA in human, Arabidopsis and rice, as well as experiments designed to trace DNA transfer under laboratory conditions, have provided insights into the mode of origin and divergence of norgDNA, and its impact on gene and genome evolution. In this review, I summarize current knowledge and recent progress in the field of organelle-to-nucleus transfer of DNA, emphasizing the underlying cellular and genetic mechanisms and their evolutionary consequences.
Genomic organization of norgDNAs
In almost all eukaryotes studied there exist nDNA sequences that are homologous to mtDNA or ptDNA [6] [7] [8] [9] . Although in the African malaria mosquito and in the honeybee no NUMTs have been detected so far, NUMTs vary in copy number from few copies in the genomes of Caenorhabditis, Drosophila and dog, to more than 500 in rice and Arabidopsis [6, 8] . NUPTs are rare in Chlamydomonas and Plasmodium, but frequent in Arabidopsis and rice [7] . The average size of norgDNA ranges between 42 bp (Plasmodium NUPTs) and 647 bp (Neurospora NUMTs), thus varying by more than one order of magnitude [6, 7] . The largest norgDNA loci known are found in the domestic cat [10] and in flowering plants [11] [12] [13] (Figure 1a ). The fraction of the nuclear genome represented by norgDNA is usually less than 0.1% (e.g. 0.016% in humans [14] ) but it can be several times higher in flowering plants [6, 7] . There is no obvious correlation between the abundance of norgDNA and the size of the nuclear or organellar genomes, or of the gene density in the nuclear genome [6] . This, together with the wide variation in the NUPT:NUMT ratio in different plant species [7] , indicates that the number and/or stability of organelles in the germ line, or species-specific mechanisms that control the accumulation/loss of nDNA, might be responsible for the interspecific diversity in NUMT and NUPT accumulation.
The genomic organization of norgDNAs has been analysed in greatest detail in yeast, humans, Arabidopsis and rice. In the first drafts of the human genome sequence, 200-350 NUMTs were identified [9, [14] [15] [16] [17] , the variation in the number being caused by differences in the search algorithms and thresholds used. Human NUMT loci have a size of up to 14 654 bp [15, 16] ; they are evenly distributed within and among chromosomes [14, 17] , and up to 9857 bp of the 16 571 bp contained in human mtDNA can be found at a single locus [16] . A subset of human NUMTs are highly rearranged, comprising sequences derived from different regions of the organellar chromosome that have undergone inversions, deletions and duplications [14, 16, 18] (Figure 1b) . In a more advanced draft of the human genome sequence, 211 and 247 NUMTs, respectively, were identified in two studies [19, 20] . Mishmar et al. found that more than half of the human NUMT repertoire localizes to repetitive sequences, in particular to mobile elements, and that recent NUMT insertions preferentially occurred in AT-rich isochores [20] . Those NUMTs, which are relatively recent and specific to human, are predominantly inserted in genes [19] .
In Homo sapiens, phylogenetic analyses have suggested that mtDNA integrates continuously (without a change in integration rate) into the nuclear genome [14, 15, 17, 21] , but multiple post-insertional duplications of ancient NUMTs were also reported [16] . Analyses of the largest human NUMTs attempted to quantify the relative contributions of de novo nuclear insertions of mtDNA and duplications of pre-existing NUMTs. Between 32% [21] and 85% [17] of the human NUMTs tested were proposed to be a result of de novo insertion events, and NUMT duplication might have been discontinuous (with a peak in duplication rate) during primate evolution [21] . Continued transfer of mtDNA to the human nuclear genome was inferred from comparisons of the NUMT repertoires in human and chimpanzee, which revealed the relatively recent acquisition of 27 NUMTs by H. sapiens [19] .
Analysis of the complete chromosomal sequences of the flowering plants Arabidopsis and rice showed that their genomes are particularly rich in norgDNA [6, 7] . They also contain the largest insertions of orgDNA reported so far, namely the 620-kb NUMT in A. thaliana [12, 13] and the 131-kb NUPT in rice [11] (Figure 1a) . In both species, norgDNA is frequently nonrandomly organized, forming clusters of insertions that are physically linked to varying degrees ('loose clusters' and 'tight clusters' [7] ). Sequence similarity between NUPTs/NUMTs and pt/mtDNA correlates with the size of the integrant. This implies that the primary insertions were large, but decayed over evolutionary time into smaller fragments with diverging sequences, via tight and loose clusters as intermediates [7] . The insertion of non-orgDNA, including transposable elements, into NUPTs and NUMTs contributed significantly to this fragmentation process [22] . Indeed, most of the large rice NUPTs seem to decay within one million years [23] . A more detailed study of the composition of tight clusters showed that, in Arabidopsis and rice, two main types of nuclear insertions coexist. One is characterized by long DNA stretches that are colinear with orgDNA, whereas the other consists of mosaics of orgDNA, often derived from both plastids and mitochondria [22] . In some Box 1. DNA flow between different genetic compartments Six types of DNA transfer are conceivable between the three DNA-containing organelles: nucleus, plastid and mitochondrion. In ptDNAs, no sequence of nuclear or mitochondrial origin has yet been detected, indicating that nucleus-to-plastid or mitochondrion-to-plastid transfer occurs extremely rarely or not at all. During the early phase of organelle evolution, organelle-tonucleus DNA transfer (designated in Figure I as 'a') resulted in a massive relocation of functional genes to the nucleus: in yeast, as many as 75% of all nuclear genes could derive from protomitochondria [62] , whereas w4500 genes in the nucleus of Arabidopsis are of plastid descent [63] . Cases of present-day organelle-to-nucleus DNA transfer, revealed by the presence of NUMTs and NUPTs, are known in most species studied so far. Among the few eukaryotic organisms in which norgDNA has not been detected are the malaria mosquito (Anopheles gambiae) and the honeybee (Apis mellifera). Mitochondrial chromosomes contain segments homologous to chloroplast sequences, as well as sequences of nuclear origin, providing indirect evidence for plastid-to-mitochondrion and nucleus-to-mitochondrion transfer of DNA ( Figure I : 'b' and 'c'). Thus, a few percent of the mtDNA of flowering plants derives from ptDNA, whereas retrotransposons seem to be the major source of nucleus-derived mtDNA. Interestingly, although plastid-to-mitochondrion and nucleus-tomitochondrion DNA transfer have been detected in almost all plant mitochondrial chromosomes sequenced so far [64, 65] , there is no evidence for the incorporation of nDNA into the mitochondrial genome of maize [66] . At2 NUMT ' refers to the 620-kb NUMT on chromosome 2 of A. thaliana. Fc refers to Felis catus (domestic cat), Os to O. sativa (rice) and Hs to H. sapiens. The orgDNAs are drawn to scale and their colouring indicates their origin (red, mtDNA; green, ptDNA). Actually, the 600-kb cat NUMT is thought to represent a 76-repeat tandem array of a 7.9-kb mtDNA fragment [10] . . Because of the presence of both NUMTs and NUPTs in plant nuclear genomes, rearrangements involving different chromosomes can also be detected. The type 3 norgDNAs are complex loci containing both NUMTs and NUPTs, whereas type 4 refers to loci containing large numbers of short NUPTs and NUMTs ('mosaics'). A set of norgDNAs exists that are interspersed with nDNA of non-organelle descent (indicated by black lines) -these are DNA sequences that in the majority of cases resemble transposable elements and disrupt continuous norgDNA sequences. These insertions of non-organelle DNA occurred after establishment of norgDNAs, contributing to locus expansion and to the decay of large continuous norgDNAs into smaller fragments. cases, the mosaic-type of norgDNA was found to represent up to w100 distinct fragments, which were, on average, smaller than 100 bp. In the two model plants, w25% of norgDNA is located within genes. However, this value must be considered in light of the fact that exons and introns together make up 40-50% of the genomes of Arabidopsis and rice [7] . In rice, large NUPTs preferentially localize to the pericentromeric regions of the chromosomes; such insertions here should be less deleterious than integrations in other chromosomal regions [23] .
Mechanisms of nuclear insertion of orgDNA Early studies suggested that mtDNA is transferred to the nucleus via an RNA intermediate [24] , but this notion has since been revised in light of the results of experimental and bioinformatics studies carried out in yeast and other eukaryotes. These studies showed that (i) any segment of an organellar genome can be transferred to the nucleus, and (ii) that large norgDNAs exist that span several genes or even entire organellar chromosomes [6, 7, 14, 15, 22, 25, 26] . Moreover, analysis of human NUMTs has provided no evidence for splicing or polyadenylation of organellar nucleic acids before insertion [14] , indicating that migration of mtDNA sequences to the nucleus is predominantly DNA mediated.
Escape of orgDNA and its uptake into the nucleus has been experimentally demonstrated in yeast [27] and tobacco [28, 29] . In yeast, mtDNA can integrate into the nuclear genome by nonhomologous end-joining (NHEJ) repair (illegitimate repair) of double-stranded breaks (DSBs) [30, 31] . DSBs are regarded as the most potentially deleterious form of DNA damage that can be induced in vivo by exogenous and endogenous sources [32] [33] [34] [35] (Figure 2 ). Repair of DSBs by NHEJ requires little or no sequence homology (0 to 4 bp, 'micro-identities') between the termini, enabling the noncomplementary ends of DSBs and orgDNA to be 'pasted' to one another [30, 31, 33] . In tobacco, the spectrum of sequences inserted at chromosomal breaks is broader than that seen in yeast [36] , whereas no insertions could be detected in Arabidopsis [37] , implying that DSB repair mechanisms can show major differences even among closely related eukaryotes [34] . Similar patterns of terminal microidentities, however, have been observed for NUMT insertions in yeast and humans [18, 19] , indicating that DSB-repair-mediated insertion of orgDNA by NHEJ might be a phenomenon common to all eukaryotes. Moreover, the analysis of a reciprocal constitutional translocation in humans, assumed to derive from NHEJ repair of gametogenesis-associated DSBs, indicated that Model of norgDNA generation. DSBs are induced by exogenous and endogenous sources, whereas multiple mechanisms operate in the release of orgDNA. DSB repair by NHEJ can result in different outcomes: simple end-joining of the processed ends of nDNA; the insertion of extrachromosomal DNA with little or no homology to the terminal ends of the DSB; or the insertion of complex sequences to patch the break. Also the complex sequences are thought to derive from an end-joining mechanism. According to this model, any increase in the frequency of formation of DSBs should influence the rate of norgDNA generation. In this context it is interesting to note that the de novo 72-bp mtDNA insertion associated with a sporadic case of Pallister-Hall syndrome was temporally and geographically associated with high-level radioactive contamination following the Chernobyl accident [39] .
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a de novo insertion of mtDNA had been captured at the breakpoint junction [38] . The preferential insertion of recent human NUMTs into genes [19] , as well as the finding that several heritable human diseases are associated with NUMT insertions [38] [39] [40] , is compatible with the proposal that transcription per se also promotes the formation of DSBs [41] . Random end-joining of linear orgDNA fragments, or of T-DNA (transfer DNA) sequences during Agrobacterium-mediated T-DNA transformation of plants, can apparently take place before or during insertion into the nuclear genome [18, 22, 30, 31, 34, 42] , and is also likely to involve the NHEJ mechanism.
This leads to the question of how DNA escapes from organelles. Few experimental data are available on mechanisms of organelle-to-nucleus DNA transfer. Several possibilities have been proposed, including the release of DNA during the disruptions of organelle membranes that might occur during autophagy, organelle fusion or division, cell stress, and illegitimate transport of DNA via the nuclear import machinery [27, 43, 44] . The controlled degradation of organelles during gametogenesis [14, 28] and physical interactions between nucleus and organelles have also been considered (Box 2). Because the incidence of complex loci containing DNA from both organelles in nDNA is high [22] , it can be concluded that the concomitant release of ptDNA and mtDNA is not a rare event, probably taking place under conditions that affect both organelles, such as cell stress or gametogenesis-associated organellar degradation [2, 7] . In the case of nuclear insertions of complete and almost intact copies of mitochondrial or plastid chromosomes, the transfer might be facilitated by physical contact between the donor organelle and the nucleus.
Use and misuse of norDNAs in phylogenetic studies
When orgDNA has been incorporated into the nuclear genome, it is exposed to the evolutionary influences that act on this compartment (Figure 3) . In species where the mutation rate in the nucleus is much lower than in mitochondria or plastids, norgDNAs represent molecular fossils. This is the case in humans and other animals, and has been exploited to trace ancestral states of mtDNAs and improve mtDNA-based phylogenies by providing suitable outgroups [9, 45] . Moreover, norgDNA insertion polymorphisms, as a subclass of insertion-deletion polymorphisms, are valuable markers for population and evolutionary studies [19, 46, 47] .
Spontaneous mutations of nDNA are poorly characterized, because their low rate precludes direct experimental studies. In plants, where -with few exceptions [48] -nucleotide substitutions occur less frequently in orgDNA than in the nuclear genome [49] [50] [51] , norgDNAs serve as probes for the types of mutation that occur in nDNA. In two independent studies, Huang et al. [46] and Noutsos et al. [22] analysed large and recent norgDNA inserts in Arabidopsis and rice to study the mutational modification of norgDNA in the nucleus. A predominance of C/T and G/A transition mutations was found, which was associated with the gradual 'acclimatization' of the integrated sequence to the nucleotide composition of the host chromosome [22, 46] . The prevalence of C/T (G/A) transitions can be interpreted in the context of the predominantly nonfunctional nature of norgDNA. This lack of function should favour loss of transcription [52, 53] and,
Box 2. Interorganelle associations and developmental processes affecting organelle integrity
Several mechanisms, as well as physical interactions between organelles, have been proposed to facilitate transfer of DNA between mitochondrion (mt), plastid (pt) and nucleus (n). During autophagy, gametogenesis or cellular stress, organelles are degraded and their DNAs are released ( Figure Ia) . The co-insertion of sequences of mitochondrial and plastid origin into the nuclear genome, resulting in complex norgDNA loci (see Figures 1 and 2) , implies the concomitant release of ptDNA and mtDNA. In many eukaryotes, including humans and flowering plants, orgDNA is maternally inherited. Therefore, organelle-to-nucleus transfer of DNA is thought to occur preferentially when a programmed degeneration of organelles takes place: in flowering plants during pollen development and in mammals when sperm mtDNA is released from degenerating mitochondria shortly after penetration of the egg by the sperm cell. Whereas Arabidopsis and rice show maternal inheritance of orgDNA, other species exhibit an independent control of the inheritance of mitochondria and plastids [67] , indicating that the transfer of ptDNA and mtDNA to the nucleus might also occur at different rates. Fusion of mitochondria [68, 69] should have no relevance for organelle-to-nucleus transfer of DNA ( Figure Ib) , and has been associated with the controversially discussed horizontal transfer of mitochondrial genes [55] . Direct physical association of the nucleus with mitochondria or chloroplasts [70, 71] , as well as the nuclear inclusion of mitochondria [72, 73] , might also contribute to DNA exchange ( Figure Ic) . Plastids can form tubular extensions of their membranes, termed stromules (for stroma-filled tubules), which can associate with other organelles [74] , providing the possibility for DNA transfer from plastids to other genetic compartments ( Figure Id) . concomitantly, hypermethylation of cytosine residues. The G-T mismatch created by spontaneous deamination of 5-methylcytosine can be restored to the G-C pair, but repair should create an A-T pair with the same probability [54] , resulting in C/T transitions (and G/A on the opposite strand). Deletion of DNA from large norgDNA loci in rice and Arabidopsis is more than compensated for by insertions of non-orgDNA, leading to a local expansion at the insertion [22] . Deletions tend to occur between perfect repeats, indicating that they originate by replication slippage [22, 46] . Regions flanked by direct repeats are, however, rarely duplicated, indicating that they are more efficiently removed than generated [22] . In contrast to their low point mutation rate, plant mitochondrial genomes frequently undergo rearrangement, expanding and contracting over relatively short evolutionary times [50] . Thus, plant NUMTs should exist that reflect ancient arrangements of mtDNA. Indeed, the 620-kb NUMT on chromosome 2 of A. thaliana contains two regions that are homologous to mtDNA from Brassica napus but are not found in present-day Arabidopsis mtDNA. Hence, they might represent regions that were lost from the mitochondrial chromosome of Arabidopsis only after generation of the NUMT [46] . Similarly, a 92-kb rice NUMT contains a region homologous to mtDNA of maize that is no longer present in rice mtDNA [22] . Finally, alternative configurations of mitochondrial and plastid chromosomes exist as a result of recombination across repeat regions. Insertions of orgDNA into the nucleus have led to the fixation of a set of alternative configurations in plant norgDNAs [22, 46] .
It has been repeatedly stated that norgDNA can be coamplified accidentally during polymerase chain reaction Figure 3 . Phylogenies and norgDNA. Upon insertion in the nucleus, norgDNA and its organellar counterpart are identical in sequence (see cladograms: orgDNA1Z norgDNA1Z (n)orgDNA1), but are exposed to different mutational environments. Depending on the ratio of nuclear and organellar mutation rates, two types of sequence evolution are possible. When the nuclear substitution rate (mn) is lower than the substitution rate of the organelle (morg), as in animals, norgDNA evolves slower than its organellar equivalent. In this case, extant NUMTs represent molecular fossils, helpful in tracing ancient states of organelle genomes and providing suitable outgroups for mtDNA phylogenies. In several plant species, the opposite case is observed: norgDNA evolves faster than orgDNA, which makes it possible to study the pattern of nuclear mutations in relatively recent NUMTs or NUPTs. In the figure, red segments represent norgDNA and corresponding orgDNA sequences, whereas white lines symbolize mutations. In the cladograms at the bottom, red lines indicate the evolution of orgDNA and black ones the evolution of norgDNA, whereas the length of lines indicates the degree of sequence divergence. Note that although the rate of nucleotide substitutions is relatively low in plant organelles, rearrangements of noncoding sequences occur relatively frequently. In this respect, plant norgDNA sequences can serve as molecular fossils for orgDNA rearrangements.
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(PCR) experiments designed to obtain mtDNA sequences, leading to incorrect phylogenetic reconstructions [9, 15, 45, 55] . Such artifacts have resulted in the mistaken identification of human NUMTs as ancient mtDNA from dinosaurs or monkeys, or in the misinterpretation of NUMTs as indications of pathogenic mtDNA mutations [9] . Recently, Martin [55] and Thalmann et al. [56, 57] cautioned against the use of PCR-amplified sequences in the construction of mtDNA phylogenies. In humans and great apes, the variety of NUMT sequences that show great similarity to authentic mtDNA renders any standard PCR analysis of mtDNA difficult -and in gorilla perhaps even impossible [56, 57] . At worst, the erroneous assumption that NUMT sequences represent genuine mtDNA could even suggest the occurrence of horizontal gene transfer [55] . Therefore, it has been proposed that explicit measures -such as amplification strategies relying upon the circularity of the mtDNA molecule, or the use of extracts enriched for mtDNA as templates for PCR, or specific hybridization and cloning of the noncoding regions flanking the amplified sequences -need to be taken to authenticate mtDNA sequences in newly studied taxa or when any irregularities are noted [9, [55] [56] [57] .
Roles of norgDNA in gene and genome evolution The rate of the continued colonization of nuclei by orgDNA has been analysed in several species. In yeast, the probability of migration of episomal DNA from mitochondria to the nucleus of any cell is 2!10 K5 [27] , whereas in male gametes of tobacco the chloroplast-to-nucleus DNA transfer frequency is at least 6.4!10 K5 [28] . In Homo sapiens, phylogenetic [17] and cross-species [19] analyses resulted in remarkably similar estimates of the rate of NUMT integration in the germ line, namely 5.1-5.6!10
K6
per germ cell per generation. As a consequence, in H. sapiens and tobacco, on average, any two haploid genomes should differ in at least two loci, caused by the presence or absence of orgDNA. Although it has occasionally been proposed that orgDNA might act as a nuclear mutagen [58] [59] [60] , until recently the nuclear insertion of orgDNA was considered to be essentially harmless [21, 45] . Recent human NUMTs, however, were shown to insert preferentially into genes, most probably resulting in modifications of their exon and intron patterns [19] . This potentially harmful mutagenic effect of orgDNA is supported by several associations of NUMTs with inherited disease in humans. Two cases of familial disease associated with mtDNA insertions are known: a germline insertion of a 41-bp mtDNA sequence into the breakpoint junction of a chromosomal translocation [38] , and a case of a severe inherited bleeding disorder where a 251-bp NUMT has introduced a novel splicing site into the gene for coagulation factor VII (F7) [40] . A de novo 72-bp mtDNA insertion into the GLI3 gene for a zinc-finger transcription factor created a premature stop codon and was responsible for a sporadic case of Pallister-Hall syndrome [39] . In addition, one of the human genes targeted by a recent intronic NUMT insertion is MADH2, a tumour suppressor gene that is often mutated in colorectal carcinomas [19] . Because around 25% of NUPTs and NUMTs are found within exons or introns in flowering plants [7] , it can be concluded that nuclear insertions of orgDNA represent a considerable challenge to the functional integrity of their nuclear genomes.
Outlook
The ongoing sequencing of eukaryotic genomes will extend the inventory of known norgDNAs. Whereas the identification of recently inserted and fixed norgDNAs is straightforward, new insertions present only in few individuals, as well as old insertions with short and/or diverged sequences, are more difficult to recognize (Box 3). In general, a common procedure should be applied for identification of norgDNA in different species, allowing recognition of complex and rearranged norgDNA loci as single insertion events, as well as facilitating interspecific comparisons of norgDNA repertoires. The abundance of NUMTs in some species is a serious threat to the establishment of mtDNA-based phylogenies. Therefore, the PCR-based amplification of authentic mtDNA In some cases, NUMT sequences fused to nDNA sequences are transcribed [18, 75] , and expressed sequence tags (ESTs) exist that contain both NUPT and non-plastid-derived nDNA [76] . These chimeric genes can be interpreted as the tip of the iceberg, and raise a central question: has the bombardment of the nuclear genome by orgDNA only been neutral or harmful for gene evolution, or can we also recognize beneficial effects? The point here is to understand if norgDNAs can influence nuclear processes such as replication (e.g. as autonomous replicating sequences (ARSs) or transcription (e.g. as promoter sequences) [30] , or if they can even rebuild genes and their products by providing new exon modules. If they can, this would constitute, in addition to the ancient transfer of entire prokaryotic genes to the nucleus, a further contribution that organelles make to the evolution of nuclear genomes.
(ii) What is the impact of norgDNA insertions in somatic cells?
Little is known about the frequency and physiological implications of orgDNA insertions in the nuclei of somatic cells. Especially in H. sapiens, it would be interesting to study possible implications of NUMT insertions for somatic mutation and oncogenic transformation. (iii) How can new norgDNA insertions be systematically identified and how frequent are they?
In genome sequencing projects, recent norgDNA insertions present only in a few individuals or in small family groups are difficult to detect. Whereas it is relatively straightforward to screen individuals for the absence of norgDNAs that are present in the reference genome sequence (see, e.g., Ref. [19] ), the reverse approach -to identify recent norgDNAs not represented in the reference genome -is challenging. Future studies on norgDNAs could be oriented to the detection of these ongoing insertions, their frequency, and their impact on cell function. (iv) What is the reason for the marked interspecific diversity in norgDNA accumulation?
No clear explanation exists for the interspecific diversity of NUPTs and NUMTs in copy number and length distribution. For Chlamydomonas reinhardtii and Plasmodium falciparum, the low number of norgDNAs can be attributed to the presence of only one orgDNAdonor organelle per cell [6, 7] . In addition, the efficiency of nuclear import of orgDNA might differ between species. Another possible explanation relates to interspecific differences in the efficiency of integration of orgDNA into the nuclear genome; thus, the repair of DSBs in tobacco is associated with a broad spectrum of insertions of filler sequences whereas in Arabidopsis no insertions were observed [37] . The difference in DSB repair between Arabidopsis and tobaccoo, in turn, has been associated with a more efficient exonucleolytic degradation of DNA in Arabidopsis [34] . sequences used for phylogenetic analyses must be standardized. Although the amplification of overlapping fragments by long-range PCR necessarily generates genuine mtDNA sequences in the case of small mitochondrial chromosomes [56] , a similar procedure has yet to be developed for large mitochondrial genomes [55] .
Plant species are most informative with respect to organelle-to-nucleus DNA transfer as a result of the presence of two distinct types of organelle and of orgDNA. Whereas previous analyses of norgDNAs considered only species with uniparental (maternal) inheritance of orgDNA, the analysis of angiosperm species with biparental inheritance or with independent inheritance of mitochondria and plastids should enable us to elucidate the role in organelle-to-nucleus DNA transfer of the programmed degeneration of plastids and mitochondria during gametogenesis. Two species of choice for such analyses are Medicago truncatula and Musella lasiocarpa: whereas Medicago inherits plastids (and ptDNA) biparentally, Musella shows biparental inheritance of mtDNA [61] .
Finally, future studies need to clarify whether nuclear insertion of orgDNA by NHEJ-DSB repair is a common mechanism, whether differences in DSB repair account for the interspecific diversity in norgDNA abundance, and whether -and to what extent -norgDNA contributes beneficially to gene evolution (Box 3).
